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ABSTRACT 


There  is  renewed  interest  in  the  application  of  the  magnetohydrodynamic  (MHD) 
propulsion  concept  to  marine  propulsion.  However,  there  is  almost  no  experimental  infor¬ 
mation  concerning  the  nutjor  physical  processes  which  will  occur  in  a  seawater  MHD 
propulsion  unit,  such  as  (I)  the  seawater  electrolysis  process  at  operational  conditions 
needed  for  ship  propulsion,  (2)  the  effects  of  bubble  formation  on  the  performance  of  a 
seawater  thruster  and  (3)  the  effectiveness  of  the  MHD  interaction  in  seawater.  Small 
scale  tests  of  an  MHD  type  channel  but  without  an  applied  magnetic  field  have  been  car¬ 
ried  out  to  provide  information  about  the  first  two  of  these  areas  (1 )  seawater  electrolysis 
and  (2)  the  effect  of  the  H2  bubbles  generated  during  the  electrolysis  of  seawater.  Cur- 
rentlvoltage  characteristics  were  obtained  with  different  electrode  materials  for  current 
densities  up  to  03  amp/cm^.  The  effect  of  bubble  formation  on  the  channel  current  has 
been  assessed  over  a  range  of  operating  conditions.  Long-duration  tests  to  100  hrs  have 
been  made  to  provide  information  on  electrode  durability  and  long-term  operational 
problems. 


ADMINISTRATIVE  INFORMATION 

This  work  was  a  cooperative  effort  between  DTRC  and  the  United  States  Naval 
Academj’,  Annapolis,  Maryland  21402.  The  work  was  supported  by  the  DTRC  Indepen¬ 
dent  Research  Program.  Director  of  Naval  Research  (OCNR  10),  and  administered  by 
the  Research  Director  (DTRC  0113)  under  Program  Element  62936N,  Task  Area 
ZF66412001,  Work  Unit  1-2712-131,  project  title  “The  Fundamental  Conceptual  Design 
a^idAnalysis  of  Magnetohydrodynamic  Propulsors.” 

INTRODUCTION 

The  acceleration  of  electrically  conducting  fluids  by  crossed  electric  and  magnetic 
fields  (i.e.,  electromagnetic  pumps)  has  been  proposed  and  investigated  for  many  years. 
Commercially  available  liquid-metal  pumps  successfully  utilize  this  concept  but  it  has 
had  limited  success  in  other  applications. 

Because  seawater  is  an  electncal  conductor,  the  application  of  this  concept  for  ship 
propulsion  (i.e.  magnetohydrodynamic  (MHD)  propulsion)  has  been  repeatedly  suggested 
over  the  past  three  decades.'"^  In  1968,  Way*  constructed  and  operated  a  model  of  an 
MHD  powered  vessel  which  was  probably  the  first  demonstration  of  MHD  propulsion  for 
ships.  More  recently  there  have  been  several  publications  as  well  as  news  media  accounts 
of  MHD  ship  propulsion  research  in  Japan.  This  activity  is  centered  at  and  fimded  by  the 
Japan  Foundation  for  Shipbuilding  Advancement  (JAFSA).  (See,  for  example,  publica¬ 
tions  by  Tada,  et  al.’  and  Motora*.)  The  Japanese  effort  is  aimed  at  the  operation  of  a 
successful  prototype  which  is  reported  to  have  two  MHD  thrusters  each  producing  a  Lx)- 
rentz  force  of  8000  newtons  with  a  4  tesla  superconducting  magnet  installed  in  a  vessel 
having  a  displacement  of  about  150  tons.’ 

With  the  advent  of  superconducting  magnets,  which  can  produce  fields  of  6  to  10 
tesla,  the  application  of  MHD  thrusters  for  seawater  becomes  more  feasible.  As  a  result, 
there  is  an  increasing  interest  in  this  propulsion  concept  at  several  naval  laboratories  and 
at  the  Defense  Advanced  Research  Project  Agency  (DARPA).  The  interest  in  this  ship 
propulsion  concept  is  stimulated  by  the  potentially  quieter  operation  of  an  MHD  thruster 
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as  compared  to  a  conventional  methods  of  providing  mechanical  power  to  shafts  and  pro¬ 
pellers. 

The  David  Taylor  Research  Center  (DTRC)  has  been  analytically  studying  the 
application  of  MHD  thrusters  for  ship  propulsion.  To  support  this  activity,  an  experimen¬ 
tal  test  program  of  the  electrical  characteristics  of  an  MHD  thruster  has  been  started  at  the 
U.S.  Naval  Academy  in  cooperation  with  DTRC  using  two  conventional  water  tables  in 
the  Mechanical  Engineering  Fluids  Mechanics  Laboratory.  The  purposes  of  these  tests 
were  to:  (1)  determine  the  current -voltage  characteristics  of  an  MHD  channel  flowing 
with  seawater  (v'ithout  an  applied  magnetic  field);  (2)  determine  the  electrical  conductiv¬ 
ity  of  simulated  seawater  and  the  electrode  voltage  drops;  (3)  investigate  different  types 
of  electrode  materials;  (4)  observe  the  dynamics  of  bubble  formation,  hydrogen  on  the 
cathode,  and  chlorme  on  the  anode  at  various  operating  conditions,  and  (5)  make  mea¬ 
surements  of  bubble  noise  downstream  of  the  channel. 

This  report  summarizes  the  electrical  characteristics  of  a  small-scale  seawater  MHD 
thruster  configuration,  but  without  the  applied  magnetic  field,  and  provides  some  com¬ 
ments  on  the  suitability  of  some  different  electrode  materials.  A  second  DTRC  technical 
report  in  preparation  provides  information  concerning  bubble  formation,  bubble  dynam¬ 
ics  and  the  noise  potential  of  a  seawater  MHD  propulsion  unit. 

BACKGROUND 

Ohms  Law  for  an  MHD  thruster  may  be  written  as: 


J=a  (E^pp  +  VXB)  (1) 

where  Eapp  represents  the  applied  electric  field  provided  by  an  external  d-c  power  sup¬ 
ply  and  V  X  B  is  the  electric  field  induced  by  the  motion  of  the  conductor  through  the 

magnetic  field.  There  was  no  applied  magnetic  field  for  the  tests  described  here  5  =  0. 
As  a  result,  the  measured  current-voltage  characteristics  for  a  constant-area  rectangular 
channel  are  related  by: 


I 

(L)m 


(2) 


where  L  and  IV  are  the  length  and  width  of  the  electrodes  in  contact  with  the  salt  water 
and  d  is  the  electrode  spacing.  The  experimental  current-voltage  characteristics  presented 
here  (in  terms  of  the  current  density  in  j,  and  the  electric  field  E)  are  representative  of 
what  will  occur  in  a  seawater  MHD  thruster  when  £  is  interpreted  as  the  sum  of  the 
applied  and  induced  electric  fields  in  an  MHD  unit 

As  a  voltage  is  applied  across  the  electrodes,  current  begins  to  flow  resulting  in 
electrolysis  of  the  salt  water.  While  there  has  been  no  attempt  in  this  investigation  to 
study  the  electrochemical  reactions  in  the  electrolysis  process,  some  background  may  aid 
in  understanding  the  performance  of  various  electrode  materials  and  other  phenomena 
that  occur. 
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If  the  electrodes  are  inert,  electrolysis  of  an  aqueous  soluuuo  NaC/  results  m  the 
generation  of  chlorine  gas  at  the  anode  (positive  electrode)  and  hydrogen  gas  at  die  cath¬ 
ode  by  the  reactions: 


Anode  20"  -*  Cl;  2e'  (  ti 

Cathode  2e~  +  2H2O  2((fH  f  i4  1 

A  surplus  of  electrons  at  the  cathode  creates  condiiii>ns  lot  chemical  feduciu»ii  m 
that  region  and  the  deficit  of  electrons  at  the  anode  results  in  the  conditums  (in  tmdatmn 
However,  if  the  anode  material  is  oxidized,  there  will  be  maicrul  loss  through  reai.  turns 
such  as: 


A/  — Ar"*  +  3r 

Cu  — ►  Cm**  +  2f  (f* ' 

Fe  -•  Fc**  +  2f  ( * ' 

resulting  in  the  formation  of  oxides  of  the  anode  material  as  the  reacting  anode  material 
contributes  metal  ions  to  the  solution.  Thus,  the  pnnciple  results  of  passing  an  eicetne 
current  through  seawater  are  the  production  of  H;  at  the  cathode  and  the  oxidation  of 
reacting  metals  at  the  anode. 

More  complicated  electrode  reactions  can  also  occur  depending  upon  the  electirsdc 
materials  used  and  die  level  of  current.  Bennett'*'  states  that  chlorine  generaicd  at  the 
anode  will  verj-  quickly  be  hydrolyzed  and  H;  generated  b>  the  reacts  .ns 

2Cr  — C/;  +  2f-  tfi' 

C/;  f //C/(?  +  Cr  + //*  tQ. 


//C/(9  «>//*  + (C/0)-  noi 

2H*  +  2c  -*  Hz  ( 1 1  • 

The  hypochlorite  ion,  (C/O)"  produced  in  this  process  increases  the  pH  of  the  solution 

The  acid  HC/O  is  termed  hypochlorous  acid.  At  certain  voltage  levels  0;  generation 
at  the  anode  may  be  favored  over  the  production  of  chlorme  through  the  reaction. 

2//2(9  —  O2  +  4//*  +  4c-  (12i 
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This  <»pp<t/catly  utiurs  <u  vcf>  loi*  vunrttt  kjrttsiucs  j  <  1  «tk4  ti  piv<s«W>  a«.»i 

jiupunani  ttw  the  lutuliuutis  ut  ihcsc  ic»u 

The  iUUOuat  of  hsdnj^cli  pfitduik.cil  *t  tlic  v  jth>.«Vr  K-  1.4k  ulxtr  sUkc 

one  hyiliiigcn  4tum  is  pfiMiuicd  luf  csrf>  clcvUv>4i  IhK-  awr*suJra»ftii  i*!  the  clc\t!viJ>Ms 
cufrcfti  W4S  cnipluycU  as  411  C4ils  uicaIis  of  .ictrtiiiiiiiiijf  s  Nuitilsci  C*t»c  faja 

day  ot  cfuf^c  F  I'M  4H'’  louloflihsi  skill  pti^iJukr  ^.ltx  m^ir  v.it  1  fttis  i4  hy  Jjisfrti 
TTius,  4  lurrcm  of  lU  anips  skill  result  ui  I  (1441  %  Kf*  ga-.  v*f  K  sev  As  4  irsuJt  ii  >.m1j  tsc 
shiiwn  tfi4t  the  k olufucirK  pfudiKUoti  of  H.  n 


if  H;  IS  treated  4s  4  perfect  gAs  For  typwal  fitft  s*f  these  tests  t  »  ^>C>  K  p  »  1 

atm  and  at  a  cunent  of  t  •  10  amp. 

\  •  I  2M  Js  10  'liters  of  H:,.  see  il4i 

were  prisduccd  This  represents  the  nutonum  M;  fas  fetK-ratioo  rate  f«  these  tests 

Additiorul  chcmicai  rcaciMXu  alt's  oecxir  m  the  hifh  pH  rcfKso  near  the  cathode 
Magnesium  and  caktum  salts  whKh  arc  present  m  seawater  are  hydrolyred  to  form  cal¬ 
cium  and/or  magnesium  hydrotide  These  otidcs  etist  as  a  white  felatitKsus  la  colloidal 
material,  and  the  reactions  arc  more  prcdomiruie  with  ccruin  types  of  electrodes  w  here 
the  geUunous  products  hegm  to  adhere  to  surfaces  in  regsoos  of  low  seUxity  Ca<OH  •; 
and  MgtOHt:  form  routinely  in  seawater  electrolysis  cells  and  arc  periodically  removed 
by  reversing  the  current  *  The  formatioo  of  these  maicnals.  however,  may  cause  addi- 
tiorul  proMems  m  seawater  NfHD  thnisters 

Additional  mformation  coiKcming  seawater  electrolysis  is  available  in  other  refer¬ 
ences."  '■* 


TE.ST  EQnrvfENT 


water  table  FACILmi- 

Tests  were  earned  out  using  two  water  tables  which  produce  a  sheet  of  water  having 
a  specified  depth  Wail  guides  w  ere  introduced  to  simulate  a  two-dimensional  flow  chan¬ 
nel  consisting  of  an  intake  norvlc.  a  constant  area  MHD  channel  'without  R-ficldi.  and  an 
exit  diffuser,  see  Fig  1  The  channel  dimensions  were  adjustable  to  accommodate  investi¬ 
gation  of  different  charmcl  configurations  and  sizes.  Two  basic  channel  configurations 
were  used: 

1  Open-Top  Channel  -  In  this  configuration  the  electrodes  made  up  ihe  sidewalls  of 
the  channel  as  shown  in  Fig  1.  The  bottom  wall  or  floor  was  made  of  an  tn.sulating  mate- 
nal  and  there  was  a  free,  water  surface  at  the  tt>p.  Figure  2a  is  a  photograph  of  this 
configuration. 

•  Niksa.  M..  Eltech  Corp..  private  communication  (June  1989i. 
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2.  Closed  Channel  -  When  this  configuration  was  used,  the  bottom  surface  of  the 
channel  served  as  the  cathode;  the  top  surface  as  the  anode;  the  sidewalls  were  made  from 
non-conducting  materials.  This  charmel  was  fully  submerged  in  the  water  flow.  A  photo¬ 
graph  of  the  closed  channel  may  be  seen  in  Fig  2b. 

ELECTRODE  MATERIALS 

Several  electrode  materials  were  investigated  as  summarized  in  Table  1  below: 

The  width  or  height  of  the  electrodes  (W-')  varied  from  about  2  to  5  cm  and  the  channel 
and  electrode  length  (L)  varied  from  about  12  to  20.5  cm.  The  electrode  spacing  (d)  was 
also  varied  but  for  most  tests  the  spacing  between  electrodes  was  about  5  cm. 

Long-duration  (50  hr  or  100  hr)  tests  were  made  for  electrode  pairs  4  and  5. 

Table  1.  Electrode  materials  tested. 


Channel 

Pair  Number 

Anode 

Cathode 

Open-Top  Channel 

1 

Aluminum 

Aluminum 

2 

Copper 

Copper 

3 

Incoloy  800 

Incoloy  800 

4 

Mixed-Metal  Oxide  Coating  on 
a  Metallic  Substrate* 

Mixed-Metal  Oxide  Coating  on 
a  Metallic  Substrate* 

5 

Mixed-Metal  Oxide  Coating  on 
a  Metallic  Substrate* 

Hastelloy  C 

Closed  Channel 

6 

Aluminum 

Aluminum 

7 

Copper 

Copper 

*DSA  material  manufactured  and  provided  by  Eltech  Corp  is  "based  on  inventions 
using  mixed  metal  oxide  coatings  usually  valve  metal  and  platinum  group  metal  oxides 
applied  to  a  valve  metal  (e.g.  titanium  or  tantalum)  substrate." 


POWER  SUPPLY  AND  INSTRUMENTATION 

The  electrodes  were  connected  to  a  D.C.  power  supply.  Applied  voltages  ranged 
from  0  to  30  volts;  the  corresponding  current  varied  from  0  to  about  12  amps.  The  elec¬ 
trode  surface  area  could  be  varied  by  changing  the  depth  of  the  water  in  the  open  channel 
and/or  changing  the  length  of  the  electrodes  in  the  closed  chaimels.  Current/voltage  mea¬ 
surements  were  made  for  each  of  the  electrode  pairs  by  applying  various  voltages  up  to 
the  value  which  produced  a  current  density  of  0.2  to  0.3  amp/cm‘.  Approximate  calcula¬ 
tion  of  the  electrical  charac’ eristics  of  an  MHD  seawater  thruster  suggest  that  this  level 
would  be  the  upper  limit  of  current  density  which  would  be  of  interest. 

Currents  and  vciiages  were  measured  with  Fluke  meters.  The  repeatability  of  the 
electrical  measurements  was  well  within  2%. 

Approximate  values  of  the  flow  velocity  were  obtained  from;  (1)  a  water  flow  meter 
in  the  water  table  and  (2)  by  timing  the  passage  of  a  small  floating  object  in  the  MHD 


DTRC-90/017 


5 


channel.  Test  velocities  varied  from  0  up  to  about  90  cm/sec.  The  accuracy  of  the  flow 
velocity  measurement  was  no  better  than  about  ±10%  of  the  values  stated.  Throughout 
these  tests,  however,  there  was  no  indication  that  the  flow  velocity  had  an  important  ef¬ 
fect  upon  the  measured  current  and  voltage  characteristics  other  than  a  small  effect  on  the 
“starting  voltage”  which  is  discussed  later. 

Specific  gravity  of  the  simulated  seawater  was  measured  periodically  with  a  cali¬ 
brated  hydrometer  set  and  the  pH  of  the  water  was  regularly  monitored  with  a  pH  cell  and 
meter. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

SIMULATION  OF  SEAWATER 
Electrical  Conductivity 

The  water  tables  were  drained  and  filled  with  fresh  tap  water  having  a  specific  grav¬ 
ity  of  1.000.  Various  potentials  were  applied  across  the  electrodes  with  the  fresh  water 
flowing  through  the  channel  at  a  velocity  of  about  20  cm/sec.  The  current  varied  linearly 
with  voltage.  From  the  applied  voltages  and  current  measurements  the  fresh  water  was 
found  to  have  an  electrical  conductivity  of  O  =  0.0306  S/meter. 

Salts  (in  the  form  of  the  commercial  pioduct  named  “Instant  Ocean")  were  then 
added  to  the  water  in  several  steps.  At  each  step  the  tl)  specific  gravity  and  (2)  currents  at 
various  voltages  were  measured.  As  will  be  observed  in  subsequent  figures,  the  current 
varied  linearly  with  voltage  for  the  salt  water  over  the  current  range  provided  by  the  pow¬ 
er  supply.  Figure  3  summarizes  the  measured  electrical  conductivity  of  the  simulated 
seawater  as  a  function  of  its  specific  gravity.  At  a  specific  gravity  of  1.024,  a  typical  val¬ 
ue  for  seawater,  the  electrical  conductivity  was  found  to  be  4.5  S/m  which  is  also 
consistent  with  typical  published  values  for  seawater.  Moreover,  the  elecuical  conductiv¬ 
ity  of  the  simulated  seawater  varied  linearly  with  the  specific  gravity  of  the  water  up  to 
specific  gravities  corresponding  to  ocean  water. 

For  experimental  purposes  it  may  be  desirable  to  increase  the  electrical  conductivity 
of  the  water  well  beyond  that  of  seawater.  One  test  was  performed  on  a  solution  contain¬ 
ing  twice  the  amount  of  Instant  Ocean  needed  to  achieve  an  electrical  conductivity  of  4.5 
S/m.  All  of  the  salts  were  soluable  and  the  resulting  conductivity  was  slightly  above  10 
S/m  with  a  specific  gravity  of  1.05.  This  data  point  is  also  shown  in  Fig.  3.  While  no 
attempts  were  made  to  produce  higher  conductivities,  it  is  possible  to  do  so  by  the  addi¬ 
tion  of  larger  amounts  of  an  appropriate  salt  compound.  The  specific  gravity  and 
electrical  conductivity  of  the  test  medium  were  maintained  near  1.024  and  4.5  S/m  re¬ 
spectively  throughout  the  tests  reported  here. 

Scaling  Compounds 

As  will  be  discussed  later,  longer  duration  testing  of  the  electrodes  resulted  in  the 
formation  of  a  gelatinous  material  on  the  cathode  side  of  the  chaimel.  This  material 
which  was  principally  Ca(OH)2  adhered  to  some  of  the  cathode  materials  and  to  wall  sur¬ 
face  discontinuities  and  comers.  Whether  or  not  this  material  will  be  formed  in  an  MHD 
thruster  operating  on  seawater  is  not  known.  However,  these  tests  indicate  that  it  will 
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lomi  in  siniulatmg  sea^atcf  viilh  liuuiii  tKeiUi  li  van  pivunlt  :*u*ic  v*biU\>v 

lion  to  the  tlov*  and  reduce  ^uniewrial  itic  cllecU^c  MUlave  area  Tlies-c  air 

discussed  laier 

CL'  RR E r  .TA'C )LTAC E  CHAR  ACTER  I S  MC  S 

The  current -voltage  cliaraclcristics  oI  several  t>|*cs  u!  eWstfisdcs  ucir  i^Hai’ied  J(.« 
the  channel  geornefies  and  lest  conditions  suininaiucd  heKtsi 

lai  Channel  Length,  1.  IT'  lo  *  cm 

(bi  Chatuicl  Width  U  lcctfode  SpavUig-.  J  *  to  It'  vin 

1C)  Electrode  Width.  IV  2  lo  5  vni 

(d)  Flow  Velocit),  V  c  to  ‘A»  vrn,  vc\ 

(C)  Electrical  Condu  tivttv,  O  4  1  lo  4  *  S  m 

Data  given  in  Figs  4  through  ^  arc  in  Icnns  id  applied  cles  tiK  lield  /  '  and  cunenl 
density  ijl  in  order  to  gcncrali/c  the  v.  r-.aiion  ot  channel  gciwctry  Data  were  i*brained 
for  cunent  densities  up  lo  0  2  to  0  '  amp  c nr  which  w  ill  ptohabls  be  the  upper  »cs  el  of 
current  density  of  interest  in  seawater  MHD  thrusters  lot  ship  pfi>polMor; 

Open  Top  Cfunne'  C  '>nfii^ujtitin 

The  eicctncal  characteristics  of  five  open -top  channels  wnh  diflermi  rJccirotJe  ma 
icnals  arc  given  in  Figs  4  through  8  In  all  of  these  tests  the  clcxtnxfcs  sersed  as  the 
vertical  sidewalls. 

It  was  anticipated  that  the  H;  generation  at  the  cathode  might  create  a  gas  sheath 
over  the  elec^roiic  and  prixlucc  a  non-linear  vanalion  of  current  density  w  ith  increasing 
e'ectnc  field  li.spection  of  the  Fig  4  to  Fig  K  dau  however,  illustrates  that  this  dix-s  not 
occur.  Small  H;  bubbles  formed  uniformly  over  the  cathode  surface  They  nsc  due  to 
their  buoyancy,  but  remain  in  the  electrode  sidewall  Niundary  layer  untii  they  rcac  h  the 
free  surface.  As  they  nsc  they  arc  also  convccicd  dow-nsiream  by  the  boundary  -las  ct 
flow,  but  more  slow  ly  than  w  ould  be  expected  As  the  current  increased  the  gas  genera¬ 
tion  rate  increases,  (sec  Eq  1  .^.i  but  the  bubbles  continue  lo  move  away  from  the 
electrode  surface  such  that  voltage  drop  at  the  wall  is  not  significantly  effected 

Companson  of  Figs  4  through  8  lUusiralcs  that  the  eicctncal  chaxaclcnstics  of  all  of 
the  electrode  niaunals  tested  arc  quite  similar  twnh  the  exception  of  copper  electrodes 
which  formed  oxide  films.  Fig  6b.  The  copper  oxide  films  severely  limit  ihc  current  All 
other  electrode  matenals  exhuut  linear  sanations  of  current  density  with  applied  clcctnc 
field.  As  might  be  expected  each  material  had  a  somewhat  different  initiation  voltage.  Vj. 
(i.e.  the  voltage  or  electric  field  which  must  be  applied  before  appreciable  current  w  ill 
flow).  The  initiation  voltage  and  ■‘zcro-caircnl"  elccinc  field  for  each  electrode  pair 
tested  are  summarized  in  Table  2. 

The  Eltech  metal-oxide  coaled  electrodes  exhibited  the  highest  V'l  of  the  electrodes 
tested  but  there  were  no  large  differences  between  any  of  the  electrodes  The  values  mea¬ 
sured  are  consistent  with  the  voltage  drops  measured  in  water  electrolysis  cells'^. 
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Table  2.  Appro*  imaiii?  etwctfCKJe  rotiage  ofops 


An<x)*> 

CwHtw'i'. 

>OlS 

FieiC  cf* 

Aiu^'ie  jrf' 

A,un':'  -lit- 

•  i 

c  s 

)ncoio>  800 

IfiCOiCy  HOC 

«  « 

r  '•> 

Cooci«»;’ 

C  5 

EHwcP 

Etiocr- 

• 

C  4 

Eitwtr 

Hasi«i'0|  C 

'  9 

C  4i 

Hic  tlovv  M-ltvitv  I'l  tlir  Aaicr  tfuuufrfi  the  ihaiiiici  u  a^  vjiicJ  ffoni  jKtul  (<  li'  jl- 
niost  ^  tn  NCe  ill  addiiu'ti.  miMsc  vUffcuiM'liaj'c  data  mi  etc  ohuined  uiidri  MjIk 
‘.^)ndlll'>Il^  (  oinparisoti  i  I  f  -s  4  duocch  ^  inusU.iic  Uut  li»f  the  ti-'^tted  iti  these 

less  V. luiiii: iris’  the  Hi"*  s  -U  .us  did  iu>l  Jlicf  ihi  clesirsal  (.haiactcfislKs  m  aiu  siptuli 
e.ifi!  vi.is  t'vimparistiii  iil  i  ilh  the  data  in  l-ifs  '  .uid  S  isec  tii  Ic  syrnN'ls  in  f-tjrs 

and  >  eorrespi'ndinc  to  the  Mart  ot  the  lest  s.-nev-  illusiraies  that  t*'  •  /  \s  j  data  lot  scli>- 
eitic'.  o\  I),  2(1  4~  and  s ni  sec  are  aiiiiosi  souuideni  when  the  diftciciKes  i  f  uiitiaiion 
si'ltaee  \  ;  are  Uikcn  intu  aeeount 

Data  irneti  in  Fis’s  4,  ^a.  and  S  (or  an  open  ehannel  eonfipuiaiion  bas  ing  a 

tree  water  surtace  eharaeieri/e  the  'iiatimum  cuncni  densities  which  mas  he  expected  in 
a  scawats’r  MUD  propulsion  unit.  i(  the  ciesiric  field  vhiswn  bs  the  figuii  )s  taken  as  the 

sum  ot  the  applied  electrical  ticld  and  the  induced  electric  fi'M  D  x  /I  i  in  an  MHD 
duct  Electrolysis  effects  howeset.  can  reduce  the  curent  flow  >  1  >  Trapped  H;  bubbles 
and  gas  in  a  closed  channel.  i2'  nxidiUon  products  on  the  amxJc  and  (' » the  products  o{ 
other  chemical  reactions  on  the  cathixlc  will  reduce  the  current  density  at  a  given  value  of 
the  electric  field  from  the  values  shown  in  these  Figures  TTie  causes  of  reduced  current 
are  discussed  in  subsequent  sections 

Closed  Channel  Configuration 

Two  constant -area  closed  channels  which  were  fully  submerged  in  ihc  water  flow 
were  also  investigated  i  sec  Fig  2(bi  For  both  channels  the  bottom  w  all  w  as  the  cathode, 
the  top  wall  the  anode  and  the  sidewalls  (i.c..  the  fi-wallsi  were  made  of  cicctncally  insu¬ 
lating  matcnal.  Copper  electrodes  were  tested  first  and  then  abandoned  because  copper 
oxide  films  which  formed  on  the  anode  very  quickly  limited  the  current  (s.-c  Fig.  b(bi.  As 
a  rcsuli,  most  of  the  closed  channel  data  were  obtained  w  ith  channels  having  alummium 
electrodes.  The  closed  channel  dimensions  and  test  condition  arc  presented  in  Table 


Table  3.  Closed  Channel  Geometries 


Channel 

Electrode 

Spacing. 

Electrode 

Height 

Electrode 

Length 

Flow  Velocity 

cm 

cm 

cm 

cmsec 

(a) 

3.7 

2  6 

20  4 

18  to  90 

(b) 

3.7 

3.4 

13.8 

26  to  70 
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The  channel  flow  was  discharged  into  a  diffuser  with  diverging  sidewalls.  For 
Chaiuiel  (a)  the  top  and  bottom  walls  of  the  diffuser  were  parallel  and  honzonial.  In  later 
tests  with  Chaimel  (b)  the  top  diffuser  wall  was  also  diverged  2°. 

CLOSED  CHANNEL  TESTS  WITH  HIGHER  FLOW  VELOCITIES 

The  variation  of  current  density  with  electric  field  for  the  two  closed  charuiels  is 
given  in  Fig.  9  when  the  charuiel  flow  velocities  were  70  and  90  cm/sec.  As  occurred 
with  the  open-top  channel  the  current  density  varied  linearly  with  mcreasing  electric  field 
in  the  closed  channel  at  these  flow  velocities.  Companson  of  the  electrical  characienstics 
of  closed  channels  with  aluminium  electrodes  (Fig.  9)  to  the  electrical  characteristics  of 
the  open-top  channel  with  aluminum  electrodes  (Fig.  4)  indicates  that  the  closed  channel 
had  about  the  same  initiation  voltage  (V/)  as  measured  for  the  open-top  channels,  but  at  a 
given  electric  field  the  cunent  densities  in  the  completely  closed  channels  were  about 
10%  to  15%  lower  than  measured  in  the  open-top  channel.  The  specific  gravity  and  elec¬ 
trical  conductivity  of  the  simulated  seawater  were  essentially  the  same  for  these  two  tests. 
This  cunent  decrease  appears  to  be  associated  with  the  H2  generation  in  the  electrolysis 
process  and  represents  a  loss  of  performance  in  an  MHD  seawater  thruster  operating  at 
these  velocities.  The  cause  of  this  current  decrease  is  discussed  fully  in  the  sccuon  de¬ 
scribing  the  observed  bubble  dynamics. 

CLOSED  CHANNEL  TESTS  WITH  LOWER  FLOW  VELOCmES 
Channel  (a I  with  a  Horizontal  Diffuser  Top  Wall 

The  current  changed  drastically  when  the  water  flow  velocity  was  decreased.  Figure 
10  summarizes  the  time  variation  of  the  electrode  current  at  two  lower  velocities  (18  cm/ 
sec  and  34  cm/sec)  for  Channel  (a)  with  a  horizontal  diffuser  top  wall.  With  the 
configuration  of  a  horizontal  diffuser  top  wall  gas  bubbles  which  are  swept  out  of  the 
channel  rise  to  the  top  diffuser  and  become  trapped  against  the  top  waU.  Surface  tension 
forces  impede  their  movement  downstream.  As  a  result,  large  gas  pockets  were  formed 
on  the  top  diffuser  wall  which  grew  back  upstream  into  the  MHD  channel.  The  conse¬ 
quence  is  that  the  trapped  gas  begins  to  cover  part  of  the  anode  surface  and  causes  the 
current  to  decrease.  The  gas  pockets  however  do  move  slowly  downstream  and  periodi¬ 
cally  escape  from  the  diffuser  exit.  Thus,  the  channel-diffuser  combination  discharges  H2 
gas  pockets  in  a  regular  periodic  fashion.  When  this  occurs  and  a  large  pocket  of  gas  es¬ 
capes  the  current  rises  again  to  its  initial  value.  Whereupon  the  current  begins  to  again 
decrease  as  new  gas  pockets  form. 

As  shown  in  Fig.  10.  the  period  between  H;  gas  discharges  is  quite  regular.  The  pe¬ 
riod  depends  upon  the  level  of  the  applied  voltage  and  the  flow  velocity.  Increasing  the 
applied  voltage  increases  the  current  flow  and  gas  generation  rate  (see  Eq.  13).  This  in 
turn  decreases  the  period  of  the  discharge  (see  Fig.  10b).  Increasing  the  flow  velocity  at 
constant  applied  voltage  more  rapidly  convects  the  gas  bubbles  downstream  so  that  the 
gas  pockets  build  more  slowly  which  increases  the  period  (compare  Fig.  10a  with  the 
middle  curve  in  Fig.  1  Ob)  A  horizontal  top  wall  diffuser  in  a  seawater  MHD  thruster  is 
clearly  undesirable  since  it  would  result  in  a  low  frequency  “fluctuation”  of  the  thrust  at 
low  operational  velocities.  At  channel  velocities  of  70  cm/sec  and  above  current  oscilla¬ 
tions  as  shown  in  Fig.  10  did  not  occur.  Moreover,  they  also  may  be  eliminated  by 
diverging  the  diffuser  top  wall  as  described  below. 
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Channel  (b)  with  a  Diverging  Diffuser  Top  Wall 

Channel  (b)  had  the  diffuser  top  wall  diverged  2®  (i.e.  slanted  upward).  With  this 
configuration  the  large  gas  pockets  described  above  did  not  form  along  the  diffuser  top 
wall.  Some  Hj  gas  bubbles  coalesce  forming  larger  bubbles  but  they  move  along  the  wall 
with  sufficient  velocity  to  prevent  accumulation  of  large  amounts  of  gas  in  the  diffuser  as 
occurred  with  a  horizontal  top  wall.  Consequently,  the  periodic  discharge  of  gas  pockets 
and  the  periodic  variation  of  electrode  current  were  eliminated. 

The  closed  Channel  (b)  when  operating  at  low  velocity,  however,  exhibited  a  de¬ 
crease  in  electrode  current  to  a  lower  equilibrium  value  as  shown  in  Fig.  11.  The  final 
equilibrium  current  level  can  be  significantly  less  than  currents  achieved  in  the  open-top 
channels  and  given  previously  in  Figs.  4  to  8.  The  current  decrease  is  again  the  result  of 
bubbles  or  gas  trapped  on  the  electrodes  (in  this  case  the  anode)  as  discussed  in  the  next 
section.  The  time  to  reach  the  equilibrium  current  and  the  amount  of  the  current  decrease 
depends  upon  the  flow  velocity  and  the  applied  voltage  (i.e..  current  level). 

Thus,  diverging  the  diffuser  top  wall  eliminated  the  undesirable  periodic  discharge 
gas  in  the  flow  charmel.  However,  the  longer  residence  time  of  the  H:  bubbles  in  the 
flow  at  lower  velocity,  decreases  the  current  flow  in  a  closed  charmel  from  what  might  be 
expected  based  upon  the  seawater  conductivity  (i.e..  Figs.  4  to  8). 

Summary 

Table  4  summarizes  the  degradation  of  current  density  which  for  these  tests  oc¬ 
curred  in  a  closed  charmel  as  a  result  of  H2  gas  formation  in  the  electrolysis  process. 
Values  of  the  maximum  current  density  achievable  in  an  open-top  charmel  are  also  shown 
for  reference  purposes: 

Table  4.  Summary  of  current  density  in  closed  channels  at  various  operating  conditions. 


Electric  Field,  E. volts/cm 

2.16 

4.05 

6.49 

Initial  Current  Density  amp/cm^ 

.068 

Velocity  -  26  cm/sec 
.138 

220 

Final  Equit.  Current  Density  amp/cm^ 

.035 

.085 

.160 

Time  to  Reach  Equil.,  min. 

7 

3 

2 

Max.  Current  Density  Possible,  amp/cm^ 

.082 

.158 

270 

Initial  Current  Density  amp/cm^ 

.068 

Velocity  •  70  cm/sec  and  above 
.138 

.220 

Final  Equil.  Current  Density  amp/cm^ 

.060 

.130 

.220 

Time  to  Reach  Equil.,  min.. 

Nil 

Nil 

Nil 

Max.  Current  Density  Possible,  amp/cm^ 

.082 

.158 

.270 

These  test  results  are  shown  in  a  different  way  by  Fig.  12  which  compares  the  varia¬ 
tion  of  the  measured  current  density  with  electric  field  for  a  closed  charmel  (cathode  on 
the  bottom  wall)  with  the  measurements  for  an  open  charmel.  This  comparison  illustrates 
that  due  to  H2  gas  formation  in  the  electrolysis  process  a  higher  applied  voltage  will  be 
necessary  to  achieve  a  given  current  and  hence  propulsive  thrust  in  a  closed  charmel  than 
would  be  ideally  expected  from  the  value  of  the  seawater  electrical  conductivity.  Because 
the  charmel  flow  velocities  for  these  tests  were  much  lower  than  would  exist  in  a  typical 
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seawater  thruster,  there  is  a  tendency  to  believe  that  this  potential  loss  of  performance 
will  be  greatly  reduced  and  perhaps  eliminated  as  flow  velocities  increase.  However,  the 
observations  of  bubble  dynamics  described  in  the  next  section  clearly  suggest  that  the 
current  losses  are  due  to  the  bubbles  that  move  through  low-velocity  sidewall  bound¬ 
ary-layer  regions  because  of  their  buoyancy.  They  accumulate  in  the  upper  comer 
between  and  electrode  and  the  sidewall  and  result  in  blocking  a  part  of  the  elecuode  sur¬ 
face  area.  Simply  increasing  the  overall  flow  velocity  may  not  significantly  alter  the 
mechanisms  which  results  in  gas  accumulation  at  the  electrodes. 

BUBBLE  DYNAMICS 

As  shown  by  Figs.  4  through  1 2  four  modes  of  current  flow  were  observed  during 
these  tests; 

(1)  A  linear  variation  of  current  with  voltage,  with  current  levels  coirespionding  to 
the  ideal  values  expected  for  the  salt  water  specific  gravity  and  electrical  conductivity. 
This  result  occurred  in  an  open-top  channel  with  a  free  surface  and  the  electrodes  served 
as  the  vertical  sidewalls  which  allowed  the  H2to  escape. 

(2)  A  linear  variatir  n  of  current  with  voltage  for  a  closed  channel  but  with  currents 
about  10%  lower  than  the  ideal  value.  This  result  occurred  when  the  closed  channel  ve¬ 
locity  was  70  cm/sec  or  greater. 

(3)  A  periodic  fluctuating  current  in  a  closed  chaimel  at  velocities  below  about  40 
cm/sec  and  with  a  horizontal  top  wall  on  the  diffuser. 

(4)  A  significantly  decreased  but  steady  current  in  a  closed  channel  at  velocities  be¬ 
low  about  40  cm/sec  and  with  a  2  diverging  top  wall  on  the  diffuser. 

All  of  these  current  modes  were  a  function  of  gas  generation  rate  in  the  channel  and 
the  bubble  dynamics. 

Open-Top  Channel  Bubble  Dynamics 

Observation  of  the  bubble  formation  in  the  open-top  chaimels  clearly  demonstrate 
that  small  diameter  bubbles  (probably  less  than  0.5inm  in  diameter)  are  generated  uni¬ 
formly  over  the  cathode  sidewall  and  to  a  lesser  degree  on  some  anodes  (the  Eltech 
material  and  aluminum  for  example).  The  bubbles  rise  and  move  downstream  in  the  elec¬ 
trode  sidewall  boundary  layers  under  a  balance  of  forces  due  to  (1 )  shear  in  the  boundary 
layer,  (2)  their  natural  buoyancy  and  (3)  their  surface  tension  with  the  wall.  As  they  reach 
the  water  surface  they  coalesce  into  much  larger  bubbles  and  either  escape  from  the  free 
surface  into  the  atmosphere  or  float  downstream  on  the  surface  and  along  the  wall  form¬ 
ing  a  “foam  boundary  layer”.  In  any  event  with  a  free-surface  the  bubbles  do  not  appear 
to  move  out  of  the  sidewall  boundary  layers  where  they  are  generated  and  into  the 
free-stream  except  when  they  reach  the  free  surface.  Figure  13(a)  is  a  photograph  of 
bubbles  formed  in  an  open-top  charmel.  It  illustrates  (1)  the  layer  of  small  bubbles  form¬ 
ing  on  the  cathode  surface,  (2)  the  foam  boundary  layer  at  the  free  surface  and  (3)  the 
absence  of  any  bubbles  in  the  free  stream.  A  sketch  of  the  bubble  dynamics  with  this  con¬ 
figuration  is  given  by  Fig.  13(b).  The  bubble  formation  and  their  movement  does  not 
significantly  impact  the  electrical  characteristics.  At  a  given  applied  voltage  the  current 
that  results  is  what  would  be  expected  from  the  conductivity  of  the  water. 
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Closed  Channel  Bubble  Dynamics 

In  a  closed  channel  the  situation  is  different.  Some  of  the  gas  that  is  generated  at  the 
top  wall  or  rises  through  the  sidewall  boundary-  layers  tends  to  ^e  trapped  against  the  top 
wall.  Surface  tension  forces  are  enhanced  on  the  top  surface  since  the  buoyant  force 
pushes  the  bubble  against  the  lop  wall.  Shear  forces  in  the  top  wall  boundary  layer  are  not 
sufficient  to  move  the  gas  downstream  veiy  rapidly. 

One  brief  test  was  conducted  with  a  closed  channel  having  the  cathode  as  the  top 
wall.  Hydrogen  generated  at  the  cathode  became  trapped  against  the  cathode  surface  due 
to  its  buoyancy  and  surface  tension.  This  greatly  reduced  the  current  which  could  be 
passed  through  the  seawater.  No  data  were  taken  for  this  configuration  because  it  didn’t 
appear  to  be  of  practical  interest.  For  all  other  closed  channel  tests  the  cathode  was  placed 
on  the  bottom  wall  and  the  anode  served  as  the  top  wall.  With  this  orientation  most  of  the 
hydrogen  produced  at  the  cathode  will  rise  through  the  cathode  boundary  layer  because 
of  its  buoyancy  and  move  into  the  free  stream  (see  Fig.  14(a)). 

Acoustic  measurements,  to  be  reported  in  later  work,  suggest  that  the  size  of  the 
bubbles  generated  in  these  tests  was  in  the  range  between  0.1  to  0.5  mm  in  diameter.  This 
size  range  was  also  consistent  with  visual  observations.  Bubbles  of  this  size  will  have  a 
rise  velocity  between  1.5  and  5  cm/sec. Assuming  that  the  bubbles  are  spherical,  they 
are  subject  to  a  vertical  buoyant  force  (F^)  and  a  drag  force  (F^j)  moving  them  horizontal¬ 
ly.  It  can  be  easUy  shown  that  the  ratio  of  Fb  to  F©  for  “free”  bubble  is; 


Fd  3C^V 


(15) 


where  D  is  the  diameter  of  the  bubble,  Cp  is  the  drag  coefficient  for  a  sphere  (which  de¬ 
pends  on  Reynolds  number),  V  is  the  flow  velocity,  and  g  is  the  acceleration  due  to 
gravity.  For  the  conditions  of  these  tests  the  ratio: 


—  ^  O.I 
Fd 

Thus,  the  bubbles  rising  out  of  the  cathode  botmdary  layer  and  into  moving  the  free 
stream  (which  had  a  velocity  as  high  as  70  to  90  cm/sec)  are  sweep  downstream  and  out 
of  the  channel  before  they  could  rise  to  the  top  of  the  channel,  (see  Fig.  14(a)).  Even  at 
the  lower  velocities  of  these  tests  (near  20  to  30  cm/sec),  a  large  portion  of  the  bubbles 
generated  on  the  bottom  wall  are  swept  out  of  the  channel  before  rising  to  the  top  wall. 

The  situation  is  different  however  for  bubbles  formed  at  the  cathode  and  sidewall 
comer.  These  bubbles  will  rise  in  the  sidewall  boundary  layer  and  stay  close  to  the  side- 
wall.  As  a  result  many  of  these  “boundary  layer”  bubbles  reach  the  top  before  moving  out 
of  the  chaimel  since  in  this  case; 
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-^  =  0(1) 


(16) 


The  migration  of  bubbles  generated  in  the  bottom  comers  is  also  sketched  in  Fig. 
14(a).  Bubbles  which  rise  through  the  sidewall  boundary'  layers  create  small  gas  pockets 
at  the  comers  between  the  sidewalls  and  the  anode.  The  effect  of  these  gas  pockets  is  to 
reduce  the  effective  surface  area  of  the  anode  and  reduce  the  current  flow.  This  bubble 
flow  pattern  is  responsible  for  the  decrease  in  current  measured  for  the  closed  channel 
operating  at  higher  velocities.  (Compare  Fig.  9  with  Fig.  4  or  see  Fig.  10) 

As  the  channel  flow  velocity  decreases,  this  effect  becomes  more  pronounced; 
moreover,  at  the  lower  flow  velocities  some  of  the  gas  generated  at  the  bottom  of  the 
channel  may  rise  to  the  anode  before  leaving  the  channel  and  block  even  more  of  the 
anode.  This  bubble  behavior  produces  the  larger  current  decrease  with  time  as  shown  in 
Fig.  11  for  a  low  channel  velocity. 

Gas  generated  at  the  floor  of  the  channel  and  swept  into  the  diffuser  can  then  lise 
further  and  be  trapped  against  the  diffuser  top  wall.  When  that  wall  was  horizontal,  large 
gas  pockets  accumulated  which  as  outlined  earlier  cause  the  pieriodic  fluctuation  in  cur¬ 
rent  summarized  in  Fig.  10. 

IMPLICATIONS  FOR  A  SEAWATER  THRUSTER  DESIGN 

The  results  of  these  tests  (even  though  the  scale  and  velocities  were  small)  suggest 
potential  performance  problems  with  seawater  MHD  thrusters  which  will  have  to  be  con¬ 
sidered.  In  addition,  they  also  suggest  channel  geometries  and  orientations  which  may  be 
more  desirable. 

Effect  of  Bubble  Formation  on  Channel  Performance 

These  tests  have  indicated  a  10  to  15%  reduction  of  current  densities  in  closed  chan¬ 
nels  having  flow  velocities  as  high  as  90  cm/sec  (see  Fig.  12)  due  to  bubble-induced  gas 
blockage  at  the  electrode.  The  end  effect  of  the  gas  blockage  in  the  channel  is  to  reduce 
the  electrical  efficiency  of  a  seawater  MHD  propulsion  unit. 

A  simple  analytical  model  which  approximates  the  performance  of  an  MHD  seawa¬ 
ter  thruster  has  been  developed  by  Bagley*  at  DTRC.  As  an  example,  a  particular 
calculation,  using  his  model  to  estimate  the  performance  of  a  ship  MHD  propulsion  unit 
having  a  magnetic  field  of  5  tesla  and  a  current  density  of  0.2  amp/cm*.  indicated  a 
thruster  electrical  efficiency  (the  ratio  of  MHD  power  out  to  electrical  power  in)  of  about 
24.3%.  If  13%  of  the  electrode  surface  area  is  blocked  by  a  gas  sheath,  which  is  the  re¬ 
duction  indicated  by  the  Fig.  12  data,  the  thruster  electrical  efficiency  would  decrease  to 
21.8%.  It  should  be  emphasized  that  these  values  are  approximate  and  that  the  scale  and 
velocities  used  in  these  tests  may  cause  a  greater  degradation  of  current  than  may  occur  in 
a  full-scale  configuration.  Moreover,  a  complete  MHD  channel  will  produce  the  Lorentz 

force  (/  X  B)  in  the  fluid  and  in  the  boundary  layer  which  may  act  to  move  the  bubbles  in 
the  boundary  layer  downstream  more  rapidly.  This  force  on  the  fluid  was  absent  in  these 


*  Bagley.  David  E..  private  communication  (Sep  1989). 
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tests  since  B  =  0.  However,  the  potential  for  decreased  performance  due  to  gas  bubbles 
and/or  gas  pockets  on  the  electrodes  should  not  be  dismissed  lightly. 

Channel  Configuration 

The  observation  of  the  H;  bubble  dynamics  and  the  measurement  of  their  effects 
provide  some  guide  to  the  design  of  an  MHD  thruster.  First,  it  would  appear  highly  desir¬ 
able  to  avoid  horizontal  or  converging  chaiuiel  top  walls  (ceilings)  in  flow  passages 
where  H2  bubble  may  exist  which  tends  to  trap  bubbles  due  to  surface  tension  effects  and 
allows  gas  pockets  to  form.  This  suggestion  would  apply  to  the  diffuser  as  well  as  the 
channel.  Diverging  the  channel  walls  and  particularly  the  top  wall  should  decrease  or 
minimize  current  losses  due  to  gas  blockage. 

For  a  linear  MHD  charmel  it  appears  desirable  to  place  the  cathode  at  the  bonom  of 
the  channel,  (see  Fig.  14(a).  This  should  maximize  the  possibility  of  the  bubbles  getting 
into  the  free  stream  and  being  swept  out  of  the  channel  before  rising  to  the  top  electrode 
where  they  would  provide  a  high-resistance  blockage  to  the  current  flow.  Since  some 
anode  materials  produce  less  gas  than  others,  their  use  would  also  be  desirable.  As  out¬ 
lined  later,  those  anodes  which  demonstrated  good  durability,  however,  also  produced  gas 
on  the  anode  surface. 

If  the  electrodes  are  at  the  sidewalls  of  a  linear  channel,  larger  amounts  of  the  H; 
gas  may  be  trapped  in  the  boundary  layers  as  illustrated  in  Fig.  14(b).  These  tests  suggest 
that  a  linear  channel  with  electrode  sidewalls  may  inherently  have  lower  performance 
unless  some  means  is  provided  to  remove  the  bubbles  or  gas  pockets,  or  unless  the  flow 
velocity  is  high. 

The  concept  of  an  annular  MHD  propulsion  unit  configuration  which  is  wrapped 
around  the  hull  of  a  submerged  vehicle  has  been  suggested  several  times  over  the  past 
twenty-five  years. ^  '’This  configiuation  has  a  number  of  advantages  related  to  (1 )  a 
simpler  magnet  design  and  (2)  minimizing  the  size  and  perhaps  cost  of  the  MHD  propul¬ 
sion  unit  appiendage  which  would  have  to  be  added  to  a  conventional  submerged  vehicle 
hull.  A  sketch  of  this  configuration  is  shown  in  Fig.  15(a). 

It’s  not  yet  clear  how  the  outer  annulus  wall  would  be  structurally  supported.  This 
sketch  shows  that  the  outer  wall  is  supported  by  vanes  in  the  inlet  nozzle  and  exit  diffuser 
which  would  enclose  part  of  the  magnet  coil  windings.  The  azimuthal  magnetic  field 
would  be  provided  by  several  coils  which  would  be  enclosed  in  the  outer  wall,  the  end 
support  vanes  and  then  the  inner  wall.  This  arrangement  would  leave  an  unobstructed  an¬ 
nular  MHD  flow  passage  as  shown  in  Fig.  15(b).  Such  an  arrangement  would  minimize 
the  formation  of  Ho  gas  pockets  being  trapped  in  the  MHD  chaimel  and  interfering  with 
the  current  flow  if,  as  sketched  in  the  figure,  the  iimer  wall  served  as  the  cathode.  Gas 
formed  at  the  iimer  electrode  would  escape  into  the  free  steam  and  be  swept  out  of  the 
charmel  before  reaching  the  outer  electrode.  Thus,  this  arrangement  would  appear  to  be 
much  less  susceptible  to  current  losses  due  to  gas  blockage  effects  described  above. 

If,  however,  it  would  become  necessary  to  provide  support  walls  over  the  length  of 
the  MHD  charmel  between  the  iimer  body  (the  cathode)  and  the  outer  body  (the  anode), 
the  armular  passage  would  be  partitioned  or  segmented.  Should  structural  consideration 
make  such  support  partitions  necessary,  or  that  it  is  done  to  subdivide  the  thruster  for  di¬ 
rectional  conuol  purposes,  the  electrodes  in  each  sector  would  be  oriented  in  different 
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directions  with  respect  to  the  direction  of  the  gravitation  force.  The  observation  of  H2 
bubble  dynamics  in  these  tests  and  the  tendency  of  the  bubbles  to  remain  in  the  low-ve¬ 
locity  boundary  layers  suggest  that  the  problem  of  trapped  gases  interfering  with  the 
current  flow  in  some  of  the  thruster  segments  could  be  a  problem  with  this  configuration. 
The  efficiency  of  the  thruster  would  be  reduced  and  should  this  occur,  the  thrust  form 
each  sector  to  the  MHD  propulsor  could  vary  considerably.  The  end  effect  would  appear 
to  be  a  force  couple  acting  in  the  nose-down  direction. 

LONG  DURATION  TESTS 

Two  long-duration  electrode  tests  were  carried  out  to  obtain  information  concerning 
the  durability  of  some  electrode  materials  and  to  gain  some  insight  into  the  operation  of 
closed-loop  facilities  designed  to  evaluate  seawater  MHD  thrusters.  A  50-hour  accumula¬ 
tive  test  was  made  with  Electrode  Pair  4  DSA®  (Eltech  Anode*  and  DSA®  Eltech 
Cathode)  and  100  hours  of  operation  of  Electrode  Pair  5  DSA® (Eltech  Anode  and  Has- 
telloy  C  Cathode)  was  carried  out. 

50-Hour  Test  o  f  Eltech  Electrodes* 

Figure  7  summarizes  the  current/voltage  characteristics  of  an  Eltech  anode  and  cath¬ 
ode  combination  with  c>ver  .‘'0  hours  of  testing  at  an  electric  field  of  6  volts/cm  and  a 
current  density  of  approximately  0.25  amp/cm*.  There  were  no  important  changes  of  the 
electrical  characteristics  over  the  course  of  the  tests.  Changes  in  current  at  a  given  voltage 
shown  in  Fig.  7  were  due  to  (1 )  increase  of  the  water  temperature  during  the  run  and  (2) 
the  formation  of  magnesium  or  calcium  scaling  products  on  the  anode.  Moreover,  there 
was  no  visible  or  measurable  degradation  of  the  electrode  surfaces  over  the  50-hour  test. 

Effect  of  Water  Temperature 

This  50-hour  test  was  made  up  of  several  6  to  10  hour  continuous  runs.  Over  the 
course  of  the  run.  energy  is  added  to  the  water  by  the  circulating  pump  and  by  the  current 
passing  between  the  electrodes  and  through  the  water.  As  a  consequence,  the  temperature 
of  the  water  rises  a  few  degrees  over  the  run.  The  electrical  conductivity  of  the  simulated 
seawater  is  relatively  sensitive  to  the  water  temperature.  Figure  16  shows  the  variation  of 
current  with  time  for  the  constant  applied  voltage  of  30  volts.  During  a  run  the  current 
rises  as  the  water  temperature  rises.  Then,  overnight  the  facility  was  shut  down  and  the 
water  temperature  returned  close  to  its  original  value.  This  cycling  or  variation  of  water 
temperature  with  time  resulted  in  the  sawtoothed  current  history  given  in  Fig.  16.  With 
constant  values  of  applied  voltage,  flow  velocity,  specific  gravity  of  the  water  and  chan¬ 
nel  geometry,  it  was  possible  to  measure  the  resulting  current  at  temperatures  between 
about  65°F  to  92°F.  As  illustrated  by  Fig.  17,  a  25°F  temperature  variation  resulted  in 
about  a  25%  change  in  current.  Consequently,  one  must  exercise  care  in  interpreting  cur¬ 
rent  data  in  a  closed  MHD  thruster  test  facility  in  which  the  water  or  electrolyte 
temperature  can  change.  Since  the  current  varies  linearly  with  water  (electrolyte)  temper¬ 
ature,  it  would  be  simple  to  correct  current  data  for  changes  in  the  water  temperature. 

Effect  of  Scaling  Products  at  the  Cathode 

As  noted  earlier  the  very  high  pH  condition  which  exists  at  the  cathode  results  in  the 
formation  of  magnesium  and/or  calcium  hydroxide.  This  material  is  glantinous  and  ad- 

•  See  footnote  for  Table  1  for  information  related  to  these  electrodes. 
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hered  tc  the  cathode  surface.  Some  observations  over  the  course  of  the  tests  concerning 
these  deposits  are  made  in  Fig.  18.  While  these  scale  deposits  were  wiped  from  the  cath¬ 
ode  between  most  of  the  run  periods,  they  did  nevertheless  form  a  crust  on  the  cathode 
surface  as  the  test  progressed  as  shown  by  Fig.  19. 

This  cathode  scaling  material  Ca(OH')2  and  Mg(OH)2  is  electrically  insulating.  So,  as  the 
Mg(OH)2  and  Ca(OH)2  scale  accumulates  on  the  cathode  over  a  period  time,  it  reduces 
the  current.  This  effect  can  be  seen  in  Fig.  16  by  the  decrease  of  the  initial  current  at  the 
start  of  each  run  p)eriod  from  the  start  of  the  test,  up  to  a  total  run  time  of  about  36.6  hours 
(i.e..  the  dash-dot  line).  Current  data  taken  from  Fig  1 6  is  summarized  in  Table  5. 

Table  5.  Current  variation  w/ith  time  for  long-duration  tests. 


Accumulated 

Test  Time,  hr 

Current 

(T  -  70°F).  amp 

0 

5.6 

7.6 

5.44 

15.7 

5.17 

25.0 

5.17 

36.6 

4.93 

44.2 

5.59 

50.5 

5.44 

At  an  accumulated  nm  time  of  44.2  hours  the  cathode  was  removed  from  the  chan¬ 
nel.  scrapped  clean,  re-installed  and  run  for  a  short  time  with  reversed  polarity.  Running 
the  cathode  as  an  anode  for  a  short  time  effectively  removed  the  scale.  With  the  cleaned 
cathode.  Fig.  16  illustrates  that  the  current  increased  to  nearly  the  level  measured  when 
the  cathode  was  new'.  Continuing  to  run  the  cathode  for  another  6.3  hours  resulted  in  the 
current  beginning  to  again  decrease  as  more  scale  formed.  Appendix  A  provides  a  chemi¬ 
cal  analysis  of  this  scale  material. 

Other  Long  Duration  Trends 

Figure  18  summaiizes  the  cathode  and  anode  weights  over  the  50  hour  test  period. 
The  cathode  exhibited  a  slow  weight  increase  as  a  scale  crust  accumulated.  When  the 
electrode  polarity  was  reversed  and  the  scale  removed,  the  cathode  weight  returned  to  its 
onginal  value.  The  weight  of  the  anode  appeared  to  vary'  slightly  over  the  course  of  the 
test.  The  weight  changes  shown  in  Fig.  18  are  believed  to  be  due  different  moisture  con¬ 
tents  of  the  oxide  coating  since  the  electrodes  were  just  wiped  dry  and  weighed.  It  is 
believed  that  the  50-hour  test  did  not  result  in  any  measurable  weight  loss  for  either  the 
Eltech  anode  or  cathode. 

The  electrolyte  pH  was  also  recorded  over  the  period  of  this  test  (see  Fig  1 8(b)). 
The  pH  was  observed  to  rise  initially  over  the  first  few  hours  of  the  test  as  hypochlorite 
ions  were  produced.  After  that  it  continued  to  increase  but  rather  slowly.  It  should  so  be 
noted  that  the  slight  odor  of  Ch  was  present  over  the  free-surface  of  the  water  form  time 
to  time  when  the  electrodes  were  powered.  Measurements  just  over  the  surface  of  the  wa- 
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ter  and  near  the  channel  indicated  C/; concentrations  of  ?  to  5  ppni  \*hich  is  the  level  ol 
its  odor  threshold.  This  electrolysis  process  did  not  generate  anv  applet  uhk  aiiiouni  t>l 
free  Ch . 

1 00-Hour  Test  of  Elteck  Hastellm  Electrodes 

Tests  of  the  stainless  steel  Electrode  Fair indicated  thai  tfic  MgiOH  •.  and  t  aiDH  >, 
scaling  products  did  not  adhere  as  readily  to  the  ekvirode  surface  Moreover,  dist  uwiotis 
with  others*  indicated  that  commercially  available  electrolysis  cells  utili/r  sunUcss  taih 
odes  to  reduce  the  scaling  problem.  For  these  reasons,  a  lOO-hour  lest  ol  a  {H>lished 
Hastelloy  C  cathode  and  an  Eltech  DS.A  "  amnle  was  made  Ihis  icsi  consisted  o!  several 
8-hour  to  24-hour  continuous  run  periods.  Tlie  purpi>scs  of  the  lest  were  lo  1 1  i  gain  inloi 
mation  about  the  durability  of  this  electrode  pair.  (2  Mo  observ  e  the  Icvaiion  and  aniouni 
of  scaling  and  (3)  measure  the  electrical  characicnsiics  of  tins  clectriKle  pair.  (Fig  K  > 

Scale  Formation 

The  magnesium/calcium  scale  formed  near  the  cathode  surface  but  it  did  not  adhere 
to  the  polished  steel  surface  to  any  important  degree.  At  the  entrance  and  exit  ol  the  c  hari- 
nel,  however,  there  were  vertical  wall  seams  w  here  the  channel  was  butted  tt>  the  no/ylc 
exit  and  diffuser  entrance.  These  vertical  seams  on  the  cathode  side  ol  the  channel  repre¬ 
sented  small  but  finite  wall  discontinuities.  Scaling  products  become  attached  to  these 
discontinuities  and  grew  upstream  on  the  nozzle  sidewall  and  downstream  on  the  diffuser 
sidewall.  They  also  grew  outward  from  the  wall  in  the  form  of  a  vane-hke  bulge  that  ex¬ 
tended  well  beyond  the  wall  boundary  layer.  The  flow  v  eUx'irv  w  as  77  cm/sec  for  these 
tests.  The  Ca(OH)2/Mg(OH):  scale  products  aLso  grew  m  the  comer  betw  een  the  cathode 
sidewall  and  channel  floor  where  velocities  were  relatively  low  and  then  outward  acrosv 
the  channel  floor  to  the  anode.  It  primarily  adhered  to  the  floor  rather  than  the  cathode 

For  the  channel  size  and  flow  velocity  of  these  tests  the  grow  th  of  the  C  aiOH  o  and 
Mg(OH);  scale  was  sufficient  to  create  disturbance  and  blockage  of  the  flow.  After  one 
24-hour  continuous  run  period  the  scaling  material  was  collected  from  the  nozzlc/chan- 
nel/diffuser  walls  and  weighed,  after  it  had  been  dried.  During  this  test  penod  the  weight 
of  the  scale  accumulation  was  about  0.22  gras  per  square  centimeter  of  cathode  surface 
area.  This  corresponds  to  an  accumulation  rale  in  the  channel  region  of  roughly: 

m  =0.01  gm/hr/cm‘  of  cathode  area 

After  100  hours  of  running  the  scale  material  coaled  most  of  the  wetted  surfaces  in 
the  test  facility  to  some  degree. 

The  use  of  a  polished  stainless  steel  cathode  greatly  minimize  the  formation  of  the 
scale  material  on  the  cathode  surface.  Moreover,  the  use  of  these  electrodes  almost  elimi¬ 
nates  the  current  reduction  and  loss  of  MHD  channel  performance  due  to  scaling  which 
occurred  with  an  Eltech  or  aluminum  cathode.  However,  the  production  of  the  magne¬ 
sium  and  perhaps  calcium  oxides  at  the  cathode  may  cause  some  losses  of  channel 
performance  by  creating  blcKkage  and  flow  disturbances  which  may  lead  tc  higher  pres¬ 
sure  drops  in  the  exit  diffuser.  In  addition,  this  material  may  cause  some  operational 
problems  in  closed-loop  test  facilities  where  it  can  accumulate  and  initiate  disturbance  to 
the  flow.  This  may  be  particularly  important  in  facilities  where  acoustic  testing  of  MHD 
thrusters  is  to  be  done. 

•  Niksa,  M.,  Eltech  Corp.,  private  communicarion  (June  1989). 
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Elti  irnde  Durahthn 

This  clccirixlc  pair  ai.\.ufiiulaicd  iW  houxi  ruii  time  at  a  cuneni  dcnsit)  of  0.30 
amp/eiir  .A  suniniar\  ol  the  test  pcruHlii  i^  given  in  Table  b.  The  performance  of  both  the 
anode  and  cathode  o^cr  thl^  period  was  excellent 

Tabl«  6.  Summary  lor  100  hour  test 


Dat« 

Pow*r  Ol 

Pow»n  Ofi 

Run  Time  hr 

Total  Time,  hr 

9-7  89 

9  35  am 

820  pm 

10  75 

10.75 

9  8-89 

8  1 5  am 

9  9  89 

9  35  am 

25  25 

36.0 

9  9  89 

9  50  am 

5  50  pm 

80 

44.0 

9  n  89 

8  50  am 

9  12  89 

705  am 

22.25 

66.25 

9  12  89 

7  05  am 

9  13  89 

2  00  am- 

15.1 

81.35 

9  13  89 

72S  am 

6;50  pm 

1125 

92.60 

9  14  89 

8  45  am 

10;35  pm 

14.8 

107.40 

9  15/89 

8  45  am 

10:45  am 

2.0 

109.4 

’Anode  power  supply  connection  failed  at  about  200  am. 


Both  electrodes  were  weighed  before  and  after  the  100  hour  test.  There  were  no  signifi¬ 
cant  weight  changes. 


StTVlMARY  AND  CONCLUSIONS 

Systematic  tests  of  the  seawater  electrolysis  process  in  an  MHD  type  channel  have 
been  carried  out.  There  was  no  applied  magnetic  field  for  these  tests  and  the  Lorentz 
force  on  the  simulated  seawater  was  absent.  The  current/voltage  or  current  density/elect¬ 
rical  field  characteristics  measured  during  these  tests  are  similar  to  those  which  will  occur 
in  an  MHD  seawater  thruster,  if  the  electric  field  for  these  tests  is  taken  to  represent  the 
sum  of  the  applied  field  and  induced  field  in  an  MHD  channel.  These  tests  have  led  to  the 
follow  ing  conclusions; 

1 .  The  product  Instant  Ocean  can  be  used  to  produce  a  test  medium  for  MHD  thrust¬ 
er  tests  which  has  the  same  electrical  conductivity  and  specific  gravity  relationship  as  sea 
water  (i.e.  G  =  4.5  S/m  and  S.G.  =  1.024).  This  product  can  also  be  employed  to  increase 
the  electrical  conductivity  of  the  test  medium  to  at  least  10  S/m,  if  it  is  desirable  to  evalu¬ 
ate  a  seawater  MHD  thruster  over  a  wider  range  of  MHD  conditions. 

2.  The  current  or  alternatively  the  current  density  with  a  seawater  electrolyte  vary 
linearly  with  applied  voltage  or  electric  field  up  to  a  current  density  of  at  least  0.3  amp/ 
cm*  when  there  is  the  means  to  remove  the  hydrogen  bubbles  generated  at  the  electrodes 
(principally  H^  at  the  cathode).  An  electrode  voltage  drop  of  1  to  2  volts  occurs  and  may 
be  thought  of  as  an  initation  voltage  which  must  be  applied  before  significant  current  will 
flow  in  the  seawater  electrolyte. 


18 


DTRC-90/017 


3.  When  the  channel  completely  encloses  the  flow,  H2  gas  generated  at  the  elec¬ 
trodes  can  become  trapped  in  the  boundary  layers.  It  rises  to  the  top  of  the  channel  due  to 
its  buoyancy  and  forms  pockets  of  gas.  These  gas  pockets  can,  to  a  varying  degree  de¬ 
pending  upon  the  orientation  of  the  electrodes,  cover  a  portion  of  the  electrode  surface 
and  reduce  the  current  flow.  In  this  case  the  gas  acts  as  an  insulating  sheath  over  a  part  of 
the  electrode  and  reduces  the  MHD  thruster  performance.  For  the  flow  velocities  these 
tests  show  that  the  loss  of  electrical  current  was  at  least  10  to  15%  and  as  high  as  50%. 
The  current  reduction  should  be  less  at  higher  flow  velocities. 

4.  At  low  chaimel  velocities  the  current  varied  periodically  with  time  for  test  config¬ 
urations  with  horizontal  top  walls  (ceiUngs)  in  the  channel  and  diffuser  as  the  chamiel 
periodically  discharged  pockets  of  gas  which  had  become  trapped  at  the  top  surface. 

5.  Consideration  m.ust  be  given  to  the  geometric  design  of  a  seawater  MHD  thruster 
and  its  exit  diffuser  to  avoid  the  formation  of  pockets  of  trapped  Hi  gas  and/or  to  provide 
the  means  to  remove  the  gas.  Diverging  top  walls  for  the  channel  and  diffuser  may  be 
necesseary  for  hnear  MHD  thrusters  in  order  to  minimize  gas  blockage  of  the  electrodes. 
The  toroidal  or  aimular  MHD  thruster  configuration  may  have  a  configurational  advan¬ 
tage  in  minimizing  gas  blockage,  as  long  as  it  does  not  have  to  be  portioned  into 
segments.  If,  however,  structural  considerations  dictate  subdividing  the  annular  passages 
into  segments,  to  support  the  outer  annular  wall,  some  segments  of  the  annular  flow  pas¬ 
sage  will  in  all  likelihood  have  significantly  reduced  current.  This  would  result  in  uneven 
thrust  for  the  armular  segments  which  is  imdesirable. 

6.  Copper  and  aluminum  anodes  were  severely  eroded  as  copper  and  aluminum  ox¬ 
ides  or  chlorides  formed.  Moreover,  the  oxide  or  chloride  film  which  quickly  formed  on 
the  copper  anode  limited  the  current  flow.  Corrosion  of  other  copper  and  aluminum  mate¬ 
rials  used  in  the  test  facility  was  also  rather  severe.  Stainless  anodes  were  also  oxidized, 
but  to  a  lesser  degree.  Anodes  (manufactured  by  Eltech  Corp)  proved  to  be  durable  in  a 
50-hour  and  100-hour  test.  Under  the  conditions  of  these  long-duration  tests  there  was 
no  visible  or  measurable  loss  of  this  anode  material.  These  electrodes  are  designated  by 
Eltech  as  DSA  (Dimensional  Stable  Anode)  and  are  made  up  of  a  mixed  metal  oxide 
coating  on  a  metallic  substrate. 

7.  The  principle  problem  at  the  cathode  was  the  formation  of  a  white  gelanteous  ma¬ 
terial  from  the  salts  in  the  electrolyte  solution.  The  primary  substance  that  formed  during 
these  tests  was  calcium  or  magnesium  hydroxide.  This  material  formed  at  the  high  pH 
condition  at  the  cathode  and  adhered  to  the  aluminum  and  Eltech  cathodes.  Since  it  is  an 
electrical  insulator,  it  reduced  the  current  flow  as  it  accumulates  over  long  run  times.  This 
material  could  be  easily  removed  by  reversing  the  polarity.  The  Mg(OH)2  and  Ca(OH)2 
did  not  adhere  as  readily  to  two  types  of  stainless  steel  elecU'odes  which  were  tested. 
However,  it  did  stick  to  and  grow  out  from  the  nozzle,  and  diffuser  walls  as  well  as  the 
insulated  B-walls  in  regions  where  there  were  wall  discontinuities  and/or  comers  with 
low  flow  velocities. 

8.  A^  electrode  pair  made  up  of  an  Eltech  anode  (to  minimize  anode  erosion)  and  a 
polished  Hastelloy  C  cathode  (to  minimize  the  buildup  of  hydroxide  scale  films  exhibited 
good  performance  over  a  100  hour  test  at  a  current  density  of  about  0.3  amp/cm*.  Follow¬ 
ing  this  test  there  was  no  measurable  loss  or  visual  damage  to  either  electrode.  However, 
while  the  Ca(OH)2/  Mg(OH)2  deposits  did  not  form  on  the  polished  stainless  cathode  sur- 
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face,  these  deposits  did  form  in  other  parts  of  the  flow  channel  to  the  point  of  creating 
significant  flow  disturbances.  At  the  low  velocities  of  these  tests  this  electrode  pair,  El- 
tech  anode  and  a  polished  stainless  cathode,  appe'^rs  promising  for  use  in  MHD  seawater 
thrusters. 

9.  From  the  results  of  these  tests  it  appears  that  it  will  be  necessar>’  to  consider  and 
control  the  formation  of  Ca(OH)2,  Mg(OH)2  and  other  compounds  in  the  flow  inlet 
nozzle  and  exit  diffuser  adjacent  to  the  cathode  surface.  In  addition.  MHD  thruster  test 
facilities  will  have  the  problem  of  an  accumulation  of  these  materials  throughout  the  test 
facility  particularly  in  comers  or  other  flow  regions  where  velocities  are  low  and/or  flow 
discontinuities  exist. 

10.  With  the  use  of  the  Eltech  anode,  hypochlorite  ions  (CIO)  form  at  the  anode  in 
which  the  C/2  produced  at  the  anode  is  hydrolized  to  produce  additional  H2.  This  will 
have  the  effect  of  slowly  increasing  the  pH  of  the  seawater  test  medium  m  a  closed  MHD 
thruster  test  facility.  In  addition,  in  a  closed  test  facility  the  temperature  of  the  te'^t  me¬ 
dium  will  also  increase  with  time  as  energy  is  added  to  the  water  by  ( 1 '  joule  heating  of 
the  electrolyte  and  (2)  a  circulating  pump.  The  electrical  conductivity  of  the  seawater  is 
quite  sensitive  to  water  temperature.  As  a  result,  the  electrical  conductivity  of  the  test 
fluid  and  as  a  result  the  current  at  a  given  voltage  will  increase  with  time  as  the  ciectrc»- 
lyte  temperature  rises.  A  teniperature  correction  to  the  current/voltage  data  taken  over 
long  runs  will  probably  be  necessary. 
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Flg.1.  Schematic  ot  the  test  set-up  for  the  open-top  channel  tests 
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Fig.  2a.  Open-top  channel 


Fig.  2b.  Fully  enclosed  channel. 

Fig.  2.  Open-top  and  closed  channel  configurations 
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Fig.  3.  Variation  of  measured  electrical  conductivity  with  specific  gravity 
for  simulated  sea  water. 


Fig,  4.  Current  density  variation  writh  electric  field  for  aluminum  electrodes  and  different 
channel  geometries. 
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ELECTRIC  FIELD.  E  (volt/cm) 


Fig.  5.  Current  density  variation  with  electric  field  for  Incoloy  800 
electrodes  at  zero  velocity  and  at  20  cm/sec. 
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ELE 


CURRENT  (amp) 

(b)  Effect  of  copper  oxide  corrosion  film  on  anode  suface. 

Fig.  6.  Electric  characteristics  of  copper  electrodes  in  an 
open-top  channel 
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ELECTRIC  FIELD,  E  (volt/cm) 


Fig.  7.  Current  density  variation  with  electric  field  for  Eltech  DSA® 
electrodes  (mixed  metal  oxide  coating  on  a  metallic  substrate). 
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ELECTRIC  FIELD,  E  (volt/cm) 


Fig.  8.  Current  density  variation  with  electric  field  for  an  Eltech 
DSA®  anode  and  a  Hastelloy  C  cathode. 
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ELECTRIC  FIELD,  E  (volt/cm) 


0  0,1  0.2 
CURRENT  DENSITY,  j  (amp/cm2) 


Fig.  9.  Current  density  variation  with  electric  field  for  an  enclosed 
channel  with  aluminum  electrodes. 
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CURRENT  DENSITY,  j  (amp/cm^ ) 


(a)  u=18  cm/sec 
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CURRENT  DENSITY,  j  (amp/cm^l 


Fig.  11.  Time  variation  of  the  current  density  in  an  enclosed  channel 
with  a  2°  diverging  top  wall  diffuser. 
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ELECTRIC  FIELD,  E  (voll/cm) 


8 


Fig.  12.  Current  density  variation  with  electric  field  for  an  enclosed 
channel  at  various  run  conditions. 
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(a)  Photo  of  surface  foam  on  the  cathode  wall. 


FOAM  BOUNDARY  LAYER 
ON  FREE  SURFACE 


NO  BUBBLES 


(b)  Cross-sectional  sketch  of  the  bubble  movement  pattern. 
Fig.  13.  Hydrogen  bubble  dynamics  in  an  open-top  channel. 


DTRC-90/017 


FLOW  INTO  THE  PAGE 


BOUNDARY  LAYER 
REGION 


Fig.  14.  Hydrogen  bubble  dynamics  in  a  closed  channel  with 
different  electrode 
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INLET  &  EXIT  VANES  SUPPORT  THE  INNER  BODY 

AND  ENCLOSE  THE  MAGNET  WINDINGS  WHICH  PRODUCE 

AN  AZIMUTHAL  B-FIELD 


(a)  Sketch  of  the  toroid  configuration. 


(b)  Prospective  bubble  pattern  with  a  toroid  annulus  thaister. 


Fig.  15.  Annular  toroid  configuration. 
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CURRENT  HISTORY  -  V™  =  30  VOLTS 
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Fig.  16.  Current  history  over  a  50-hour  test  ot  Eltech  anode  and 
Eltech  cathode. 


CURRENT  (amp) 


Fig.  17.  Variation  of  electrode  current  with  water  temperature  during 
long-duration  tests. 
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Fig.  18.  Some  results  of  long-duration  testing. 


(b)  After  36.3  hours  of  testing. 

Fig.  19.  Photos  of  Eltech  DSA®  electrodes  during  50-hour  test. 
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APPENDIX  A 

CHEMICAL  ANALYSIS  OF  CATHODE  DEPOSIT 


u  SHIFT  HHD  RESIDUE  I 

FND: 

1 

OFF 
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'  S  c 

?  ?? 

V 

i’Ci'  21' 

Comments 


XRD- 

Major:  Mg(0H)2, 

Mg6A12(0H)18. (4 .5H20)  type  phase  as  per 
JCPDS  35-965.  note  there  are  several 
phases  which  have  simi lar  patterns  to  the  above  as 
Mg6AI2C93(OH)16(4H20)  JCPDS  14-191, and  AI(0H)3 
is  possible. 

An  amorphous  phase (s)  also  present 
Minor:  CaC03  calcite  and  aragonite  forms  detected 

note:  Ca(0H)2,  NaCI,  CaCI2,  MgCI2  not  detected 
The  amorphous  phase(s)  maybe  the  chloride 
containing  component. 

SEM-EDX- 

Mg>CI»Ca,AI>K 


DTRC-90/017 


39 


REFERENCES 


1.  Friauf,  James  B,  “Electromagnetic  Ship  Propulsion”  ASNE  Journal,  p.  139-142. 
(Feb  1961). 

2.  Phillips,  Owen  M.,  “The  Prospects  for  Magnetohydrodynamic  Ship  Propulsion”, 
Journal  of  Ship  Research,  p.  43-51  (Mar  1962). 

3.  Doragh,  R.A.,  “Magnetohydrodynamic  Ship  Propulsion  Using  Superconducting 
Magnets”,  Presented  Annual  Meeting  of  The  Society  of  Naval  Architects  and  Marine  En¬ 
gineers,  New  York,  NY.  (14  &  15  Nov  1963). 

4.  Way,  S.,  “Propulsion  of  Submarines  by  Lorentz  Forces  in  the  Surrounding  Sea” 
ASME  Publication  64-WA/ENER7,  Winter  Meeting  (29  Nov  -  4  Dec  1964). 

5.  Hummert,  George  T,  “An  Evaluation  of  Direct  Ciurent  Electromagnetic  Propul¬ 
sion  in  Seawater”  Office  of  Naval  Research  Report  ONR-CR168-007-1  (Jul  1979). 

6.  Way,  S.,  “Electromagnetic  Propulsion  for  Cargo  Submarines”,  Journal  of  Hydro¬ 
dynamics,  Vol.  2,  No.  2  (Apr.  1968). 

7.  Tada,  Eiichi,  Y.  Saji,  K.  Kuroishi,  and  T.  Fujinaga,  “Fundamental  Design  of  a  Su¬ 
perconducting  EMT  Ice  Breaker”,  Trans.  I  Mar  E  (C),  Vol  97,  Conf.  3,  Paper  6,  p.  49-56. 

8.  Motora,  S.,  S.  Takezawa,  and  H.  Tamma,  “Research  and  Development  of  Super- 
conduciing  Electromagnetic  Propulsion  Ships,”  Technical  Report  of  Tsukuba  Institute  9, 
(1),  pages  1-9  (Apr  1989). 

9.  Motora,  Seizo,  S.  Takezawa,  and  H.  Tamama  “Research  and  Development  of 
Superconducting  Electro-Magnetic  Ships,”  paper  presented  at  the  15th  meeting  of  the 
U.S.  Japan  Cooperative  Program  in  Natural  Resources,  Panel  on  Marine  Facilities,  Tokyo 
(9-10  May  1988). 

10.  Bennett,  J.E.,  “Electrodes  for  Generation  of  Hydrogen  and  Oxygen  from  Seawa¬ 
ter”,  Int.  Journal  of  Hydrogen  Energy,  Vol  5,  p.  401-408  (1980). 

11.  Bennett,  John  E.,  “On-Site  Generation  of  Hypochloride  Solutions  by  Electroly¬ 
sis  of  Seawater,  AIChE  Symposium  Series  -  Water  (1977). 

12.  El-Bassuoui,  A.M.A.,  J.W.  Sheffield,  and  T.N.  Veziroglu,  “Hydrogen  and  Fresh 
Water  Production  from  Seawater",  Int.  Journal  of  Hydrogen  Energy,  Vol  7,  No.  12,  p. 
919-923  (1982). 

13.  Slipchenko,  A.V.,  O.S.  Saviuk,  and  Yu.  S  Bonsov,  “Effect  of  Anion  Composi¬ 
tion  of  the  Electrolyte  on  Active  Chlorine  Current  Yield  in  the  Electrolysis  of  Sea  and 
Brackish  Waters"  Khiniya  i  Tekhnaloguya  Vody  (Translated  to  English)  Vol.  9,  No.  2  p. 
150-152(1987). 

14.  LeRoy,  R.L.  M.B.I.  Janjua,  R.  Renaud,  and  U.  Leuenberger,’Time- Variation  in 
Unipolar  Water  Electrolysis  and  Their  Implications  for  Efficiency  Improvement",  Pro¬ 
ceedings  of  the  Symposium  on  Industrial  Water  Electrolysis,  Vol.  78-4,  p.  63-76  (1978). 

15.  Richardson,  E.G.  (Ed),  Technical  Aspects  of  Sound,  Chap.  5,  "Air  Bubbles  in 
Water"  by  E.  Meger,  p.  222-238,  Elsevier  Publishing  Co.  (1957). 

16.  Rice,  Warren  A.,  U.S.  Patent  No.  2,997,013  (22  Aug  1961). 

17.  Resler,  E.L.,  “Magnetohydrodynamic  Propulsion  of  Sea  Vehicles",  Seventh 
Symposium  on  Naval  Hydrodynamics,  Rome  Italy  p.  1437-1445  (1968). 


DTRG-90/017 


41 


INITIAL  DISTRIBUTION 


Copies  CENTER  DISTRIBUTION 


3 

DARPA/STP 

LCDR  Richard  Martin 

Copies 

Code 

Name 

Advanced  Technology 

3 

01 

Richard  E.  Metry 

1515  Wilson  Blvd.,  Suite  705 

3 

0113 

Dr.  Bruce  E.  Douglas 

Arlington,  VA  22209 

2 

154 

Justin  H.  McCarthy 

3 

ONT 

2 

1544 

Dr.  Frank  B.  Peterson 

Gene  Remmers 

1 

1561 

Geoffrey  Cox 

Office  of  Chief  of  Naval  Research 

Office  of  Naval  Techology 

1 

1942 

Dr.  Theodore  M. 

Farabee 

800  N.  Quincy  St. 

2 

27 

Larry  J.  Argiro 

Arlington,  VA  22217-5000 

2 

2704 

Dr.  Earl  Quandt,  Jr. 

12 

DTIC 

2 

271 

Howard  0.  Stevens.  Jr. 

2 

Dr.  John  S.  Walker 

10 

2711 

David  E.  Bagley 

University  of  Illinois  at  Urbana- 

2 

2711 

Robert  C.  Smith 

Champaign 

10 

2712 

Dr.  Neal  A.  Sondergaard 

Dept.  Mech.  &  Ind.  Engineering 

10 

2712 

Dr.  Samuel  H.  Brown 

144  Mechanical  Engineering  Bldg. 

2 

2712 

Michael  J.  Supercznyski 

1206  West  Green  St. 

Urbana,  Illinois  61801 

1 

272 

Timothy  J.  Doyle 

1 

2743 

David  B.  Larrabee 

2 

Dr.  Daniel  W.  Swallom 

1 

3411 

Margaret  L.  Knox 

Avco  Research  Laboratory 

2385  Revere  Beach  Parkway 

1 

3421 

TIC  Carderock 

Everett,  MA  02149 

2 

3422 

TIC  Annapolis 

2 

20 

Dr.  Michael  Patrick 

Argonne  National  Laboratory 

9700  South  Cass  Ave. 

Argonne,  DL  60439 

Dr.  Kenneth  E.  Tempelmeyer 
c/o  Office  of  the  Dean  College  of 

10 

3432 

Reports  Control 

Engineering  and  Technology 
Southern  Illinois  University 
Carbondale,  Illinois  62901 


2  Dr.  Basil  Picologlou 

Engineering  Physics  Division 
Argonne  National  Laboratory 
9700  South  Cass  Ave. 
Argonne,  Illinois  60439 


DTRC-90/017 


43 


